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(57) ABSTRACT 

A robotic system includes a tendon-driven finger and a con- 
trol system. The system controls the finger via a force-based 
control law when a tension sensor is available, and via a 
position-based control law when a sensor is not available. 
Multiple tendons may each have a corresponding sensor. The 
system selectively injects a compliance value into the posi- 
tion-based control law when only some sensors are available. 
A control system includes a host machine and a non-transi- 
tory computer-readable medium having a control process, 
which is executed by the host machine to control the finger via 
the force- or position-based control law. A method for con- 
trolling the finger includes determining the availability of a 
tension sensor(s), and selectively controlling the finger, using 
the control system, via the force or position-based control 
law. The position control law allows the control system to 
resist disturbances while nominally maintaining the initial 
state of internal tendon tensions. 

18 Claims, 4 Drawing Sheets 
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ROBUST OPERATION OF TENDON-DRIVEN 
ROBOT FINGERS USING FORCE AND 
POSITION-BASED CONTROL LAWS 

STATEMENT REGARDING FEDERALLY 5 

SPONSORED RESEARCH OR DEVELOPMENT 

This invention was made with government support under 
NASA Space Act Agreement number SAA-AT-07-003. The 
invention described herein may be manufactured and used by 1 0 
or for the U.S. Government for U.S. Government (i.e., non- 
commercial) purposes without the payment of royalties 
thereon or therefor. 

TECHNICAL FIELD 15 

The present invention relates to a system and a method for 
providing robust operation of tendon-driven robotic fingers in 
a robotic system. 

20 

BACKGROUND 

Robots are automated devices able to manipulate objects 
using a series of links. The links are interconnected by one or 
more actuator-driven robotic joints. Each joint in a typical 25 
robot represents at least one independent control variable, or 
a degree of freedom. End-effectors are the particular manipu- 
lators used to perform a task at hand, such as grasping a work 
tool. Therefore, precise motion control of the various robotic 
manipulators helps to achieve the required mobility, dexter- to 
ity, and work task-related functionality. 

Dexterous robots may be used where a direct interaction is 
required with devices or systems specifically designed for 
human use, i.e., devices requiring human-like levels of dex- 
terity to properly manipulate. The use of dexterous robots 35 
may also be preferred where a direct interaction is required 
with human operators, as the motion of the robot can be 
programmed to approximate human motion. Such robots may 
include a plurality of fingers that can be actuated remotely 
using tendons, thus reducing the overall size and weight of the 40 
robot. Such tendons must be kept taut at all times to within a 
calibrated tension level. 

SUMMARY 

45 

Accordingly, a control system and method are disclosed 
herein for controlling a tendon-driven finger of a dexterous 
robot. The present control system, by executing the method as 
disclosed herein, achieves active compliance in the finger so 
that the finger may safely contact an object in its environment 50 
while also allowing for operation of the finger under degraded 
sensor conditions. This is achieved by a flexible two-tiered 
control architecture in which an upper control loop employs 
either a force-based or a position-based control law for a 
given finger. In turn, a position-based control law can incor- 55 
porate active compliance selectively for any tendons that it is 
controlling. 

The control law that is selected depends on whether all, 
none, or some of a number of tension sensors within the finger 
are available during a given maneuver. Typically, a control 60 
law for tendon-driven fingers needs tension feedback to main- 
tain the internal tension on the tendons. The position control 
law presented here nominally maintains the internal tension 
by implementing the two-tier control architecture with a 
range-space constraint as set forth herein. 65 

As used herein, the terms “force-based control law” and 
“position-based control law” refer to control of a robot rely- 
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ing on respective force or position co mm ands and feedback 
signals, as is understood in the art. The flexible control 
scheme is finger-specific, i.e., the various tendon-driven fin- 
gers on a given robotic hand can have a different control law 
operating for that finger at any moment relative to the other 
fingers. 

In particular, a robotic system includes a robotic finger 
driven by a tendon, a tension sensor, and a control system. The 
tendon is controlled by an actuator. The control system selec- 
tively controls the finger via a force-based control law when 
the tension sensor is available to measure the tension value, 
and via a position-based control law when the tension sensor 
is not available. 

A plurality of tendons may be used, each having a corre- 
sponding tension sensor. The control system can selectively 
inject a compliance value to the position-based control law 
when only some of the tension sensors are available. The 
compliance value may be a function of a tension error, which 
can be determined as the difference between a desired tension 
and an actual tension of one of the tendons. 

A control system for a robotic finger driven by a tendon 
includes a tension sensor and a host machine. The tension 
sensor is positioned to measure a tension value of the tendon, 
and the host machine is configured for determining the avail- 
ability of the tension sensor for measuring the tension value. 
Additionally, the host machine is configured for selectively 
controlling the finger via a force-based control law when the 
tension sensor is available to measure the tension value, and 
via a position-based control law when the tension sensor is 
not available to measure the tension value. 

A method is also provided for controlling a tendon-driven 
finger in a robotic system. The method includes determining 
the availability of a tension sensor for measuring a tension 
value of the tendon, and then selectively controlling the fin- 
ger, via a control system, using a force-based control law 
when the tension sensor is available to measure the tension 
value, and using a position-based control law when the ten- 
sion sensor is not available to measure the tension value. 

The above features and advantages and other features and 
advantages of the present invention are readily apparent from 
the following detailed description of the best modes for car- 
rying out the invention when taken in connection with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic illustration of a robotic system having 
a robot with tendon-driven fingers controlled as set forth 
herein; 

FIG. 2 is a schematic perspective view illustration of a 
lower ami assembly for the robot shown in FIG. 1, with the 
ami assembly including a plurality of tendon-driven robotic 
fingers; 

FIG. 3 is a schematic perspective view illustration of a 
tendon and actuator usable for controlling the robotic fingers 
shown in FIG. 2; 

FIG. 4 is a schematic perspective view of a tendon-driven 
robotic finger; 

FIG. 5 is a schematic illustration of a two-tier control 
architecture for controlling the tendon-driven robotic finger 
shown in FIGS. 2 and 4; and 

FIG. 6 is a flow chart describing the present method for 
controlling the tendon-driven robotic finger shown in FIGS. 2 
and 4. 

DESCRIPTION 

With reference to the drawings, wherein like reference 
numbers refer to the same or similar components throughout 
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the several views, and beginning with FIG. 1 , a robotic system 

10 is shown that includes a dexterous robot 11 and a control 
system 12. The robot 11 includes various manipulators, 
including a plurality of tendon-driven fingers 14. The control 
system 12 for robot 11 operates via a two-tier control hierar- 
chy or architecture. As used herein, the term “two-tier” means 
that a first or upper tier control controller, shown in FIG. 1 as 
a joint controller 80, operates at a higher hierarchical level 
than a second or lower tier control law or controller, shown in 
FIG. 1 as an actuator controller 90. The controllers 80 and 90 
may be embodied as two different processors and related 
hardware devices, or alternatively as nested software-based 
control loops each resident in a single or in a distributed 
hardware device and automatically executed by one or more 
processors. 

The joint controller 80 uses either force- or position-based 
control laws in a higher loop to control the position of various 
finger joints (see FIG. 4), depending on which control law is 
selected. Selection of the particular control law by the control 
system is based on the availability of the tension sensors 58 
(see FIG. 3) that are available, i.e., online and fully functional, 
in a given finger 14. The actuator controller 90 uses the 
position-based control in a lower loop to control the position 
of a tendon 50 (see FIG. 3) of a given finger 14. 

The control system 12 of FIG. 1 automatically maintains 
sufficient tension on the tendons 50 shown in FIG. 3. Typi- 
cally, a force-based control law is used to regulate tendon 
tensions, such as via closed-loop force feedback. However, 
the physical sensors used to measure tension may be less than 
optimally robust. As a result, all of some of the tension sen- 
sors positioned in or along a finger 14 of robot 1 1 may or may 
not be available for use at any particular moment. Therefore, 
the control system 12 is configured to automatically and 
individually control each of the fingers 14 using the joint and 
actuator controllers 80 and 90, respectively, according to 
force or position control laws, and with or without selective 
compliance as explained below. Within the joint controller 
80, the particular control law being applied, i.e., force or 
position, is selected in a manner that is dependent upon the 
number of available tension sensors for a given finger 14. 

In one possible embodiment, the robot 11 shown in FIG. 1 
may be configured with human-like appearance, and with 
human-like levels of dexterity to the extent necessary for 
completing a given work task. Humanoids and other dexter- 
ous robots can be used where a direct interaction is required 
with devices or systems specifically designed for human use, 
for example any devices requiring human-like levels of dex- 
terity to properly manipulate an object 30. The use of a 
humanoid such as the robot 11 depicted in FIG. 1 may be 
preferred where a direct interaction is required between the 
robot and human operators, as motion of the robot can be 
programmed to closely approximate human motion. The fin- 
gers 14 of robot 11 are directly controlled by hardware com- 
ponents of the control system 12, e.g., a host machine, server, 
or network of such devices, via a set of control signals 55 
during the execution of any maneuver or work task in which 
the robot acts on the object 30. 

The robot 11 shown in FIG. 1 may be programmed to 
perform automated tasks with multiple degrees of freedom 
(DOF), and to perform other interactive tasks or to control 
other integrated system components, e.g., clamping, lighting, 
relays, etc. According to one possible embodiment, the robot 

11 may have a plurality of independently- and interdepen- 
dently-moveable actuator-driven robotic joints, some of 
which have overlapping ranges of motion. In addition to the 
various joints 23 of the fingers 14, which separate and move 
the various phalanges thereof, the robotic joints of robot 11 


4 

may include a shoulder joint, the position of which is gener- 
ally indicated in FIG. 1 by arrow 13, an elbow joint (arrow 
15), a wrist joint (arrow 17), a neck joint (arrow 19), and a 
waist joint (arrow 21). 

5 Still referring to FIG. 1, each robotic joint may have one or 
more DOF. For example, certain compliant joints such as the 
shoulder joint (arrow 13) and the elbow joint (arrow 15) may 
have at least two DOF in the form of pitch and roll. Likewise, 
the neck joint (arrow 19) may have at least three DOF, while 
1 0 the waist and wrist (arrows 21 and 17, respectively) may have 
one or more DOF. Depending on task complexity, the robot 11 
may move with over 42 DOF. Each robotic j oint contains and 
is internally driven by one or more actuators, for example 
15 joint motors, linear actuators, rotary actuators, and the like. 

In one possible embodiment, the robot 11 may include just 
the lower arm assembly 75 shown in FIG. 2. In another 
embodiment, the robot 11 may include additional human-like 
components such as a head 1 6, a torso 18, a waist 20, amis 22, 
20 hands 24, fingers 14, and opposable thumbs 26, with the 
various joints noted above being disposed within or between 
these components. As with a human, both anns 22 and other 
components may have ranges of motion that overlap to some 
extent. The robot 11 may also include a task-suitable fixture 
25 or base (not shown) such as legs, treads, or another moveable 
or fixed base depending on the particular application or 
intended use of the robot. A power supply 28 may be inte- 
grally mounted to the robot 11, e.g., a rechargeable battery 
pack carried or worn on the back of the torso 18 or another 
30 suitable energy supply, or which may be attached remotely 
through a tethering cable, to provide sufficient electrical 
energy to the various joints for movement of the same. 

The control system 12 and each of the controllers 80 and 90 
thereof may each be embodied, as noted elsewhere above, as 
35 a server or a host machine, i.e., one or multiple digital com- 
puters or data processing devices, each having one or more 
microprocessors or central processing units (CPU), read only 
memory (ROM), random access memory (RAM), electri- 
cally-erasable programmable read only memory (EEPROM), 
40 a high-speed clock, analog-to-digital (A/D) circuitry, digital- 
to-analog (D/A) circuitry, and any required input/output (I/O) 
circuitry and devices, as well as signal conditioning and buff- 
ering electronics. 

While shown as a single device in FIG. 1 for simplicity and 
45 clarity the various elements of control system 12 may be 
distributed over as many different hardware and software 
components as are required to optimally control the robot 11. 
The individual control algorithms resident in the control sys- 
tem 12 or readily accessible thereby may be stored in ROM or 
50 other suitable tangible memory location and/or memory 
device, and automatically executed by associated hardware 
components of the control system to provide the respective 
control functionality. 

Referring to FIG. 2, a lower arm assembly 75 can be used 
55 as part of the robot 11 shown in FIG. 1. Each lower arm 
assembly 75 includes a hand 24 having a plurality of tendon- 
driven fingers 14 and a tendon-driven thumb 26. The term 
“tendon-driven” is explained below with reference to FIG. 3 . 
The lower arm assembly 75 includes a plurality of finger 
60 actuators 40 each configured for selectively pulling on and 
releasing one or more tendons 50 (see FIG. 3 ) in a finger 14 or 
in a thumb 26. The lower arm assembly 75 further includes a 
plurality of wrist actuators 38 for moving the wrist joint 
(arrow 17). Printed circuit board assemblies (PCBA) 39 for 
65 the finger actuators 40 and/or the wrist actuators 38 may be 
positioned on or within the lower arm assembly 75 as shown 
for packing efficiency. The lower arm assembly 75 may be 
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attached to a load cell 32, which is used to connect the lower 
ami assembly to the rest of the ami 22 of the robot 11 shown 
in FIG. 1. 

Multiple finger actuators 40 may correspond to each finger 
14 and thumb 26. In general, one finger actuator 40 is used for 
each DOF available plus one additional finger actuator. 
Therefore, each finger 14 having three DOF requires four 
finger actuators 40, while each finger having two DOF 
requires three finger actuators, etc. 

Referring to FIG. 3, a schematic perspective view is pro- 
vided of a possible embodiment of the finger actuator 40. The 
finger actuator 40 may include a motor 44, a gear drive 46, an 
actuator housing 48, a tendon 50, and a tendon terminator 52. 
The tendon 50 extends from the actuator housing 48 and 
through one of the fingers 14, tenninating at the end of the 
finger. The tendon 50 is illustrated in an off-center position 
within the finger 14, as more than one tendon may extend 
within a given finger. The motor 44, gear drive 46, and actua- 
tor housing 48 may all be located in the lower arm assembly 
75 in order to minimize the packaging space required within 
the fingers 14 and the thumb 26, and to allow for the larger 
components of the finger actuator 40, such as the actuator 
housing 48, to be remotely packaged with respect to the 
fingers and thumb. 

The tendon 50 may be protected by a sheath or conduit liner 
54 positioned within a protective outer conduit 56. The ten- 
sion sensor 58 measures the force of compression on the 
conduit 56 to determine the amount of tension placed on the 
tendon 50. Tension in the tendons 50 can be used by the 
control system 12 shown in FIG. 1 to calculate the joint 
torques generated or experienced at the various joints of a 
given finger 14, which in him can be used by the control 
system for control of the fingers and thumbs 26 of a given 
hand 24. 

As the finger actuator 40 moves the tendon 50, the tendon 
slides relative to the tension sensor 58. The tendon 50 termi- 
nates within the finger 14 at the tendon terminator 52. Move- 
ment of the tendon 50 causes relative movement of the tendon 
terminator 52, thereby moving the finger 14. Force may be 
placed on the tendon terminator 52 either internally, i.e., by 
movement of the finger actuator 40, or externally, i.e., on the 
finger 14 by the object 30 of FIG. 1, which causes the tendon 
50 to exert force on the actuator housing 48. 

Referring to FIG. 4, the control system 12 of FIG. 1 is used 
as set forth herein to individually control each finger 14 with 
respect to any other finger of a given hand 24. In the torque 
control of a tendon-driven finger, the desired joint torques 
must first be translated into tendon tension values. This prob- 
lem is referred to as tension distribution, and it must ensure 
that each tension value is non-negative. The finger 14 has a 
plurality of finger joints 23, some of which are independent 
joints, with the joint positions and joint torques of each finger 
joint indicated by arrows x 1 , x 2 , and x 3 . The finger 14 has n 
independent joints (n DOF) and n+1 tendons 50. 

The finger 14 shown in FIG. 4 has 3 DOF, therefore there 
are four tendons 50 in this particular embodiment, although 
more or fewer tendons and/or DOF may also be used without 
departing from the intended inventive scope. Note that the 
distal joint is mechanically coupled to the adjacent joint, i.e., 
the medial joint; hence, the distal joint is not an independent 
DOF. Also, control of the finger 14 is fully determined, as that 
term is imderstood in the art, and therefore the number of 
tendons 50 is n+ 1 , or 4 in the particular embodiment shown in 
FIG. 4. Each independent joint 23 is characterized by a joint 
torque x and a joint position q. Each of the tendons 50 is 
characterized by a tension f, represented in FIG. 4 as Uf 2 ,f 3 
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and u or generally, as f 3 through w The tendons 50 each 
have a determinable position (x), i.e., x,-x 4 . 

The relationship between the n joint torques and m tendon 
tensions, where m>n, is represented as x=Rf. The variable 
5 Re SR is known as a tendon map, and it contains the vari- 
ous joint radii data needed for mapping tendon tensions to 
joint torques. For a system to be tendon-controllable, the 
tendon map R must be a Hill row rank, and there must be an 
all-positive column matrix, w, such that R r w=0. The “internal 
to tension” is a weighted sum of all the tensions in a finger 14; 
hence, a smaller internal tension indicates smaller tensions 
amongst the various tendons 50 and a smaller net force. 

Inversely, the solution fortension f follows, where R + is the 
pseudoinverse of R, I is the identity matrix, and 2 is an 
15 arbitrary value: 

f=R* x + f M 

20 where f„„ represents the internal tensions lying in the null- 
space of R and producing zero net torques. The matrix [I-R - 
R] provides the projection operator into the null space of R. 
Given quasi-static conditions, f=f int whenever zero external 
forces act on the finger 14. 

25 The same matrix R expresses the relationship between a 
tendon 50 and joint velocities. Based on the principals of 
virtual work, the contribution of the j oint motion to the tendon 
velocity equals R r q. Assuming a constant value for R, the net 
displacement of a tendon 50 is a sum of the joint contribution 
30 plus the change in length 1 of that tendon, or: 

Ax=R T Aq+Al. 

We will now provide a model of tendon 50 as a linear spring 
and assume that the tendon will remain taut. We will also 
35 assume that the tendons 50 used in a finger 1 4 have the same 
stiffness value, k„ since the difference in tendon lengths is not 
sufficient to warrant a significant difference in stiffness. The 
following analysis relates the change in length (Al) to a 
change in tendon tensions and joint torques: 

40 

Af = k,Al 
Ar = RAf 

45 =k,RAl 


hence, 

50 

Al = ^-R + At + A/,„„ 
k, 

The value (Al,„,), which represents the change in length in 

55 the null-space of R, i.e., the change in length that affects only 
the internal tensions and not the joint torques, can be written 
as: 

At im =(I-R*R)b, 

60 where the value of variable 8 is arbitrary. The final relation for 
tendon displacement may be written as: 

t- 1 

„ Ax= R T Aq + - R* At + A 

65 k t 
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In the absence of tension feedback, e.g., when some or all 
of the tension sensors 58 of FIG. 3 are not available for use 
within a given finger 14, the position laws used by the control 
system 12 of FIG. 1 provide fast position-based control per- 
formance, low error, and no overshoot, while at the same time 5 
maintaining the internal tension of the tendons 50 in the 
finger. To keep the internal tension constant, the value Al,„, is 
eliminated from the equation appearing immediately above. 

Referring to FIG. 5, a schematic illustration of the control 
system 12 of FIG. 1 demonstrates the two-tier control scheme 10 
noted. The control system 12 includes an upper control loop 
and a lower control loop, i.e., the joint controller 80 and the 
actuator controller 90, respectively. The joint controller 80 
processes signals describing a vector of joint position (q), 
represented as arrow 31, and a desired or reference joint 
position (q^), represented as arrow 131, via a processing node 
60 to thereby calculate a joint position error (q-q^), i.e., arrow 
35. Likewise, a tendon force (f) is shown as arrow 37, and a 
tendon position (x) is shown as arrow 33 . Another processing _, 0 
node 60 takes the commanded tendon position (x rf ), shown as 
arrow 133, calculates the tendon position error (x-x rf ) 233 
and sends it down to the lower loop of the actuator controller 
90. 

The actuator controller 90 consists of a simple position 
controller on the actuator position; it is first tuned to maxi- 
mize performance with a first-order response behavior to 
avoid overshoot. The joint controller 80 can consist of either 
a force-based controller on the finger joints as understood in 
the art, or a position-based controller. 3(j 

A new position controller is set forth herein that imple- 
ments a discrete version of a velocity controller, wherein the 
current positions of the actuators are continuously fed back 
and combined with a delta vector based on the joint errors. 
Based on the above kinematic relationships, the commanded , 
tendon position (x d ), i.e., arrow 133, can be written as: 

where Aq represents the joint position error (q-q rf ), i.e., arrow 
35 as shown in FIG. 5, and k p is a scalar constant gain. This 40 
control law zeros the null-space displacement of the previous 
equation. 

This control law produces a fast response that closes the 
steady-state error and maintains an over-damped behavior. 
However, it does not actively constrain actuator positions to 45 
the range-space. Hence, disturbances can cause dispropor- 
tionate changes to the actuator positions, changing the inter- 
nal tensions. This may be exacerbated by the fact that the 
tendon 50 shown in FIG. 3 cannot resist compression. To 
resolve this, the output is projected into the range- space of the 50 
finger 14, which allows the lower loop to actively servo to the 
range-space. This provides the final control law for the upper- 
loop: x rf =R + Rx-k p R r Aq. The range-space constraint of this 
equation requires the two-tiered hierarchy shown in FIG. 5. 
This range-space constraint allows the system to resist motion 55 
in the null-space, and thus to nominally maintain the initial 
internal tensions placed on the tendon. 

An alternative scheme for the position control law is based 
on a proportional-integral (PI) compensator. This law imple- 
ments a feed- forward term for the final position of each of the 60 
actuators used with a PI term to eliminate steady-state error. If 
the system is initialized such that the initial tendon position x 
and joint position q are zero, then the actuator positions 
matching the desired joint positions (q^), arrow 131, without 
changing the length of the tendon 50 of FIG. 3, are given by 65 
R r q rf . Since the kinematic model may be imperfect, a PI 
compensator is used to eliminate any errors. 
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Thus, the commanded position (x rf ), arrow 133, from the 
feed- forward control is as follows: 

x d =-R r {k p Aq+kij,Aqdl) . 

This feed-forward term results in a fast rise time, while the PI 
term results in zero steady-state error. 

When some but not all of a total number of available 
tension sensors for the finger 14 are available, the control 
system 12 can selectively apply position control for that fin- 
ger, in conjunction with selective compliance for the tendons, 
thus complimenting the position control capabilities of the 
control system 12. Note that the different fingers 14 on a given 
hand 24 (see FIG. 2) can be simultaneously controlled using 
different controllers or control laws, e.g., with force-based 
control of one finger and position-based control of another. 

A selective compliance value (arrow 57) may be defined as 
k(f-f^)s, with k being a scalar constant and (f-f rf ) being the 
tension error. The term s is a selection variable with an ele- 
ment for each tendon, e.g., with a value of 1 to turn compli- 
ance on and 0 to turn compliance off. Thus, downstream of the 
actuator controller 90, the selective compliance value 57 may 
be subtracted from the output 51 of the actuator controller, 
with s being selected by the control system 12 in a manner that 
is dependent upon whether selective compliance is desired 
(i.e., 1) ornot desired (i.e., 0). The control signals (arrow 55), 
also shown in FIG. 1, are ultimately transmitted to the robot 
11 as a motor command which feeds back the joint positions 
(q) (arrow 31), tendon positions (x) (arrow 33), and tendon 
tensions (f) (arrow 37). 

When all tension sensors are available in a given finger 14, 
the control system 12 of FIG. 1 uses the force-based control 
law for controlling that particular finger. The following 
example control law decouples the motion in the joint space 
of the finger 14. The following equation for a desired tendon 
position (x rf ) applies: 

x d =x-k^-P T K p (T-T d ), 

where T=Pf, and Pisa matrix that concatenates R and w r on 
top of each other. The values k^, and k d are user-defined pro- 
portional and integral gains, respectively. 

Referring to FIG. 6, and with reference to the structure 
shown in the preceding Figures, the present method 100 
according to one possible embodiment begins at step 102, 
wherein the control system 12 determines the number of 
available tension sensors in a finger 14 being controlled. Step 
102 may include receiving an input signal indicative of the 
status of each of the tension sensors 58 in a given finger 14, 
e.g., by automatically querying the tension sensors with a 
status request command or “ping”, and then recording a status 
indicating that the tension sensor is available, i.e., online and 
properly functioning, whenever the queried tension sensor 
successfully replies to the ping. 

Alternatively, signals may be periodically transmitted from 
the tension sensor 58 at calibrated intervals, with the inter- 
ruption or discontinuation of transmission of such signals 
indicating the non-availability of a particular sensor. Addi- 
tional embodiments may include the tension sensor 58 read- 
ing erroneous values relative to calibrated thresholds, record- 
ing a manual input of the non-available status of a given 
sensor into the control system 12 by a programmer or user, 
processing of sensor error codes or flags, etc. 

At step 104, the control system 12 of FIG. 1 determines 
whether all tension sensors 58 for a particular finger 14 are 
available, e.g., by comparing a known total number of tension 
sensors to the number of available sensors determined at step 
102. If all of the tension sensors 58 for a finger 14 are avail- 
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able, the method 100 proceeds to step 108. Otherwise, the 
method 100 proceeds to step 106. 

At step 106, the control system 12 determines whether at 
least some of the tension sensors 58 are available for the finger 
14 being evaluated. If so, the method 100 proceeds to step 
110. Otherwise, the method 100 proceeds to step 112. 

At step 108, with the control system 12 having previously 
determined at step 104 that all of the total number of tension 
sensors 58 in a finger 14 are available for use in that finger, the 
control system of FIG. 1 controls the finger using the force- 
based control law alone, as set forth above. The method 100 
then repeats step 1 02 in a loop to determine whether there has 
been a change in the number of available tension sensors 58. 

At step 110, with the control system 12 having determined 
at step 106 that only some of the tension sensors 58 in a given 
finger 14 are available for use in that finger, the control system 
of FIG. 1 controls the finger using the position-based control 
law in conjunction with selective compliance, as set forth 
above. The method 100 then repeats step 102 in a loop to 
determine whether there has been a change in the number of 
available tension sensors 58. 

At step 112, with the control system 12 of FIG. 1 having 
determined at step 106 that none of the tension sensors 58 are 
available for use in the finger 14 being controlled, the control 
system of FIG. 1 controls the finger using position-based 
control law alone, as set forth above. The method 100 then 
repeats step 1 02 in a loop to determine whether there has been 
a change in the number of available tension sensors 58. 

Accordingly, the control system 12 of FIG. 1 provides 
force control to protect the tendons of a given finger 14 in 
combination with robustness with respect to tension sensor 
failure. Effective control is provided over each finger 14 
without requiring tension sensing. When tension sensing is 
unavailable, the control law with its two-tier control architec- 
ture described above with reference to FIG. 5 provides posi- 
tion control that is fast without overshoot, while maintaining 
nominal internal tension levels on the finger. Compliance is 
available in conjunction with position control to protect the 
tendons even when a full set of tension sensors is unavailable. 
Thus, the robot 11 of FIG. 1 is able to operate at a higher level 
of performance with an enhanced robustness. 

While the best modes for carrying out the invention have 
been described in detail, those familiar with the art to which 
this invention relates will recognize various alternative 
designs and embodiments for practicing the invention within 
the scope of the appended claims. 

The invention claimed is: 

1. A robotic system comprising: 

a robotic finger driven by a tendon, wherein the robotic 
finger includes a plurality of joints and a tension sensor 
positioned in or along the robotic finger; 

an actuator connected to the tendon and operable to move 
the robotic finger, via tensioning of the tendon, with 
respect to at least one of the joints of the robotic finger; 
and 

a control system providing a two-tier control architecture 
or hierarchy, including a joint-level controller which 
forms an upper control loop and an actuator-level con- 
troller which forms a lower control loop of the two-tier 
control architecture or hierarchy, wherein the control 
system is configured for: 

determining whether the tension sensor is functioning 
properly or otherwise available in the robotic finger to 
measure a tension value of the tendon; 
selectively controlling the robotic finger via a force- 
based control law or a position-based control law, via 
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the joint-level controller, when the tension sensor is 
available in the robotic finger; and 
selectively controlling the robotic finger via only the 
position-based control law, solely via the actuator 
5 controller, when the tension sensor is not available in 

the robotic finger to measure the tension value. 

2. The robotic system of claim 1, further comprising a 
plurality of the tendons each having a corresponding tension 
sensor, wherein the control system is configured for selec- 

10 tively controlling the robotic finger via the force-based con- 
trol law or the position-based control law, via the joint-level 
controller, when all of the tension sensors are available, and 
via only the position-based control law via the actuator-level 
15 controller when none of the tension sensors are available. 

3. The robotic system of claim 2, wherein the control 
system is further configured for selectively injecting a com- 
pliance value to the position-based control law when only 
some of the tension sensors are available. 

20 4. The robotic system of claim 3, wherein the compliance 

value is a function of a tension error determined as a differ- 
ence between a desired tension and an actual tension of one of 
the tendons. 

5. The robotic system of claim 1, where any commanded 
25 actuator positions for the actuator that are sent down to the 

actuator-level controller are constrained by the control sys- 
tem to the range-space of the robotic finger. 

6 . The robotic system of claim 1, further comprising a hand 
having a plurality of the robotic fingers, with each robotic 

30 finger having a plurality of the tendons, and with each of the 
plurality of tendons having a corresponding tension sensor, 
wherein each robotic finger is independently controllable 
with respect to the other robotic fingers in a manner that is 
dependent on the number of available tension sensors in the 
35 robotic finger that is being independently controlled. 

7. The robotic system of claim 1, wherein the lower control 
loop actively servos to an actuator position of the robotic 
finger to allow the robotic finger to resist motion in the null- 
space of a tendon map matrix for the robotic finger, while also 

40 nominally maintaining an initial internal tension on the ten- 
don. 

8. A control system for a robotic finger driven by a tendon 
and having a plurality of joints, an actuator connected to the 
tendon that is operable to move the robotic finger via the 

45 tendon with respect to at least one of the joints, and a tension 
sensor positioned in or along the robotic finger, the control 
system comprising: 

a host machine; and 

a non-transitory computer-readable medium on which is 
50 recorded a control process providing a two-tier control 
architecture for controlling the finger; 

wherein the host machine is configured for providing a 
two-tier control architecture or hierarchy, including an 
upper control loop and lower control loop of the two-tier 
55 control architecture or hierarchy, and is further config- 
ured for: 

executing the control process from the computer-read- 
able medium to thereby determine the availability of a 
tension sensor in the robotic finger suitable for mea- 
60 suring a tension value, including determining whether 

the tension sensor is functioning properly or other- 
wise available to measure a tension value of the ten- 
don, and for selectively controlling the robotic finger: 
via the upper control loops to selectively apply a 
65 force-based control law or a position-based control 

law when the tension sensor is available to measure 
the tension value of the tendon; and 
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via only the lower control loop using only the posi- 
tion-based control law when the tension sensor is 
not available to measure the tension value. 

9. The control system of claim 8, wherein the robotic finger 
includes a plurality of the tendons each having a correspond- 5 
ing tension sensor, and wherein the host machine is config- 
ured for selectively controlling the robotic finger using only 
the upper control loop, via the force-based control law, when 
all of the plurality of tension sensors are available in the 
finger, and via only the lower control loop using only the 10 
position-based control law when none of the plurality of 
tension sensors are available. 

10. The control system of claim 9, wherein the host 
machine is further configured for selectively injecting a com- ; 5 
pliance value to the position-based control law when only 
some of the tension sensors are available. 

11. The control system of claim 10, wherein the compli- 
ance value is a function of a tension error determined by the 
host machine as a difference between a desired tension and an ., ( | 
actual tension of one of the tendons. 

12. The control system of claim 8, 

wherein the host machine includes a joint controller and an 
actuator controller, and wherein: 

the joint controller is configured for selectively execut- , - 
ing the force-based control law or the position-based 
control law in the upper control loop of the two-tier 
control architecture or hierarchy to thereby respec- 
tively control the force or the position of the joints of 
the robotic finger; and 30 

the actuator controller is configured for executing only 
the position-based control law in the lower control 
loop of the two-tier control architecture or hierarchy 
to thereby control the position of the actuator. 

13. The control system of claim 8, further comprising: 35 

a hand having a plurality of the robotic fingers, with each of 

the robotic fingers having a plurality of tendons, and 
with each of the plurality of tendons having a corre- 
sponding tension sensor, wherein each of the robotic 
fingers is independently controllable with respect to the 40 
other robotic fingers in a manner dependent on the num- 
ber of available tension sensors in the robotic finger that 
is being independently controlled. 
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1 4 . A method for controlling a tendon-driven robotic finger 
in a robotic system, wherein the robotic finger is driven by a 
tendon and lias a plurality ofjoints, and wherein an actuator is 
connected to the tendon and is operable to move the robotic 
finger with respect to at least one of the joints via tensioning 
of the tendon, the method comprising: 

determining the availability of a tension sensor for measur- 
ing a tension value of the tendon; and 
selectively controlling the robotic finger, via a joint-level 
controller of a control system, using a force-based con- 
trol law or a position-based control law, when the tension 
sensor is available to measure the tension value; and 
selectively controlling the robotic finger, via an actuator- 
level controller of the control system, using only the 
position-based control law when the tension sensor is 
not available to measure the tension value; 
wherein the joint-level controller and the actuator-level 
controller form a respective upper level and lower level 
of a two-tier control architecture or hierarchy. 

15. The method of claim 14, wherein the robotic finger has 
a plurality of the tendons each having a corresponding tension 
sensor, the method further comprising: 

selectively controlling the robotic finger via the force- 
based control law or the position-based control law, via 
the joint-level controller, when all of the tension sensors 
are available, and via only the position-based control 
law, via the actuator-level controller, when none of the 
tension sensors are available. 

16. The method of claim 15, further comprising: 
selectively injecting a compliance value to the position- 

based control law when only some of the tension sensors 
are available. 

17. The method of claim 16, further comprising: 
calculating the compliance as a function of a tension error, 

wherein the tension error is determined as a difference 
between a desired tension and an actual tension of one of 
the tendons. 

18. The method of claim 14, further comprising 
constraining, via the control system, any commanded 

actuator positions for the actuator that are sent down to 
the actuator controller to the range-space of the robotic 
finger. 





